Hollow nickel-silica spheres were synthesized by sol-gel method followed by in-situ activation in aqueous sodium borohydride (NaBH4) /ammonia borane (NH3BH3) solutions. The evolution of 38, 58, and 41 mL hydrogen was finished in about 125, 90, and 30 min from aqueous NaBH4/NH3BH3 solution in the presence of nickel-silica spheres precursor activated with the amount of NaBH4 = 5, 10, and 20 mg, respectively. Morphology of in-situ synthesized samples depends on the amount of NaBH4, and the hollow spheres were obtained with the medium amount of NaBH4. Particle size and wall thickness of the hollow spheres were controlled by adjusting ratio of ethyl alcohol to water, and the particle size and wall thickness decrease with increase of the ratio. The evolution of 44, 49, and 58 mL hydrogen from aqueous NaBH 4/NH3BH3 solution was finished in about 45, 35, and 90 min in the presence of the in-situ synthesized hollow spheres obtained from the precursors prepared with ratio of ethyl alcohol to water = 3.3, 10, and 20, respectively. The results indicate that the amount of hydrogen evolution increases with increase of ratio of ethyl alcohol to water. Otherwise, the amount of hydrogen evolution was related with reducibility of the precursors. 
Influence of Preparation Conditions on Morphology of in-situ
Hollow nickel-silica spheres were synthesized by sol-gel method followed by in-situ activation in aqueous sodium borohydride (NaBH4) /ammonia borane (NH3BH3) solutions. The evolution of 38, 58, and 41 mL hydrogen was finished in about 125, 90, and 30 min from aqueous NaBH4/NH3BH3 solution in the presence of nickel-silica spheres precursor activated with the amount of NaBH4 = 5, 10, and 20 mg, respectively. Morphology of in-situ synthesized samples depends on the amount of NaBH4, and the hollow spheres were obtained with the medium amount of NaBH4. Particle size and wall thickness of the hollow spheres were controlled by adjusting ratio of ethyl alcohol to water, and the particle size and wall thickness decrease with increase of the ratio. The evolution of 44, 49, and 58 mL hydrogen from aqueous NaBH 4/NH3BH3 solution was finished in about 45, 35, and 90 min in the presence of the in-situ synthesized hollow spheres obtained from the precursors prepared with ratio of ethyl alcohol to water = 3.3, 10, and 20, respectively. The results indicate that the amount of hydrogen evolution increases with increase of ratio of ethyl alcohol to water. Otherwise, the amount of hydrogen evolution was related with reducibility of the precursors. , spray-drying method 19) , self assembly technique 20) , surface living polymerization process 21) , and the templatebased route 22) ～ 25) to prepare hollow spheres comprising polymeric or ceramic materials.
In the previous studies, we f irstly reported fabrication method of the highly active in-situ synthesized hollow nickel-silica spheres 26) 27) . By the method, the hollow nickel-silica spheres can be obtained in the simple way, and can be synthesized by sol-gel method using L(+)-arginine as a promoter for the reaction to form silica spheres 28) 29)
followed by in-situ activation in aqueous sodium borohydride (NaBH4)/NH3BH3 solutions. In the present study, we investigate the effects of the preparation and activation conditions of the hollow nickel-silica spheres on their catalytic activity for hydrolytic dehydrogenation of NH3BH3.
Experimental Methods
Nickel-silica spheres precursor was prepared by the following sol-gel techniques. 9.0 mL of an mixed aqueous solution connected to a gas burette, and the other was fitted with a septum inlet to introduce the distilled water (5 mL). The reaction started when the distilled water was added to the mixture of the catalyst, NaBH4, and NH3BH3, and the evolution of gas was monitored using the gas burette. The reactions were carried out at room temperature in air.
The morphologies of the catalysts were observed using a Hitachi FE2000 transmission electron microscope (TEM) operating at an acceleration voltage of 200 kV.
The particle size distribution of the precursors dispersed in water was analyzed by laser diffraction method using a Shimadzu SALD-2000A analyzer. The TPR-TGA (temperature-programmed reduction-thermogravimetric analysis) investigations were performed on a Rigaku TG8120 instrument. TPR profiles were recorded by passing a 10 vol% H2 in Ar (260 mL min-1) through the sample ( ～ 2 mg) heated at a constant rate of 5 K min -1 up to 1173 K.
Results and discussion
In order to investigate inf luence of activation procedure on morphology of in-situ synthesized hollow nickel-silica spheres and their activity for hydrolysis dehydrogenation of NH3BH3, we investigate influence of amount of NaBH4 on the morphology and the activity. Fig. 1 shows time course of the hydrogen evolution from aqueous NaBH4/NH3BH3 solutions in the presence of nickel-silica spheres precursor in-situ activated with various amount of NaBH4. The hydrogen evolution rate and the amount of hydrogen evolution significantly depend on the amount of NaBH4. The evolution of 38, 58, and 41 mL hydrogen . In the present reaction system, NaBH4 was mixed with H2O, NH3BH3, and catalyst. Hydrogen is evolved via following two reactions (reaction (2) and (3) Under the present reaction condition, about 6, 12, and 24 mL of hydrogen (2.4, 4.8, and 9.6*10 -4 mol) is experimentally generated via reactions (2) from residual amount of NaBH4 consumed via the reaction (1) (0.7, 1.3, and 2.6*10 -4 (total amount of NaBH4) -0.1*10 -4 (amount of NaBH4 consumed via the reaction (1)) = 0.6, 1.2, and 2.5*10 -4 mol), and about 59 mL of hydrogen (24.0*10 -4 mol) is generated via reaction (3). The molar ratios of hydrolytically generated hydrogen to the initial NH3BH3 in the presence of the nickel-silica spheres activated with the amount of NaBH4 = 5, 10, and 20 mg are 1.9, 2.6, and 1.0, respectively. The results indicate that the hydrogen evolution rate increases with increase of the amount of NaBH4. Otherwise, the insitu synthesized sample with highest amount of NaBH4
shows lower amount of hydrogen evolution than the insitu synthesized sample with medium amount of NaBH4. In order to investigate dependence of the amount of hydrogen evolution on the amount of NaBH4, we compare the morphology of in-situ synthesized samples activated with various amount of NaBH4.
Fig. 2 illustrated TEM images of in-situ synthesized
samples activated with various amount of NaBH4. The precursor includes spherical particles as shown in Fig. 2(a) .
From the result of lazar diffraction particle analysis, the average particle size of the precursors is 324 nm. While, the morphology of the in-situ synthesized samples depend on the amount of NaBH4. The sample activated with the lowest amount of NaBH4 consists of spherical particles without hollow structure, suggesting that the amount is not enough and hydrogen evolution rate during the in-situ procedure is probably too low to obtain hollow spheres. While, the samples activated with the medium amount of NaBH4 consists of hollow spheres, indicating that the amount is enough and the hydrogen evolution rate is probably optimum to form hollow spheres. From the TEM image, wall thickness of the hollow spheres is about 68 nm. On the other hand, the sample activated with highest amount includes particles with irregular shape, indicating that the amount was too high and the hydrogen evolution rate is probably high as the particles collapses. These results indicate that hollow spheres are obtained with optimum amount of NaBH4 probably for adjusting optimum hydrogen evolution rate during the in-situ procedure. Fixed with the amount of NaBH4 = 10 mg, we investigate influence of ratio of ethyl alcohol to water on morphology of precursors and in-situ synthesized samples and their activity for hydrolysis dehydrogenation of NH3BH3. . The results indicate that particle size of the precursor decreases with increase of ratio of ethyl alcohol and water. . The results of TPR indicate that the reducibility of the nickel species increases with decrease of the particle size of the hollow spheres. On the other hand, the difference of the hydrogen evolution rates among the catalysts in this study was not so large, and it might be related with reduction rate of active nickel species because many active nickel species might exist inside wall of the hollow spheres and the rate to diffuse the reductant (NaBH4) to active nickel species probably depends on particle size of the hollow spheres.
Conclusion
Hollow nickel-silica spheres were synthesized by the sol-gel method followed by in-situ activation in aqueous NaBH4/NH3BH3 solution. In the present study,
we investigated inf luence of preparation conditions on mor pholog y a nd t heir act ivity for hydrolyt ic dehydrogenation of NH3BH3. Morphology of resulting powder products depends on the amount of NaBH4, and the highly active hollow spheres were obtained with the medium amount of NaBH4 indicating that there is the optimum amount of NaBH4 to obtain the hollow spheres.
Particle size and wall thickness of the hollow spheres were controlled with adjusting ratio of ethyl alcohol to water.
From the TEM images and the results of lazar diffraction particle size analysis, the particle size and the wall thickness decrease with increase of the ratio. The evolution of 44, 49, and 58 mL hydrogen from aqueous NaBH4/ 
